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ABSTRACT
GENOME-WIDE IDENTIFICATION OF WRKY TRANSCRIPTION FACTOR
ENCODING GENES IN AMBORELLA TRICHOPODA BAILL. (AMBORELLACEAE)
BIJAYA PRADHAN
2022
WRKY transcription factors (TFs) are DNA-binding proteins, which play important roles
in managing plant stresses and regulating growth and development processes. The
WRKY TF family has expanded significantly through genome/gene duplications in the
plant evolutionary process. Although the WRKY TFs have been identified in hundreds of
plant species, they are yet to be identified in Amborella trichopoda, a species that
represents the most basal group of Angiosperms. The main objectives of this study were
to conduct genome-wide identification of the WRKY gene family in A. trichopoda and to
assess their homologs in Angiosperms. In this study, we identified 42 A. trichopoda
WRKY TFs and, and their homologss in seven other plant species (Cinnamonum
micranthum, Asparagus officinilas, Glycine max, Gossyopium raimondii, Arabidopsis
thaliana, Chenopodium quinoa, and Helianthus annuus). The genome of A. trichopoda
has the fewest WRKY TFs among the eight genomes studied. The genomes of the species
representing recently evolved flowering plant clades have more variable WRKY TFs.
Previously classified group and subgroup members in Arabidopsis were present in all
species. The WRKYGQK has been modified into WRKYGKK or WRKYGEK in most
species with fewer other variation.
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CHAPTER 1: LITERATURE REVIEW
1.1.

Introduction
Plants experience a diverse array of biotic and abiotic stresses for which they have

evolved stress-responsive transcriptional regulations (Mohanta et al., 2016). One of such
transcriptional regulations in plants involves WRKY transcription factor (TF) families
(Bakshi & Oelmüller, 2014). Some of the WRKY TFs help plants regulate abiotic and
biotic stresses (Eulgem & Somssich, 2007), while other WRKY TFs are involved in
numerous plant developmental processes by activating or repressing the gene
transcription processes (Eulgem et al., 2000; Yang et al., 2017).
The WRKY TFs are found mainly in the green lineage from green algae, which
are plants like organisms that live in an aquatic environment that lack true stems, leaves,
and roots members to highly diversified Angiosperms, flowering plants, the largest and
most diverse group in the plant kingdom (Mohanta et al., 2016). Only two exceptions are
non-plant eukaryotic organisms Giardia lamblia and the slime mold Dictyostelium
discoideum, which are reported to have one WRKY domain encoding gene (Zhang &
Wang, 2005). The members of what would later be named WRKY were first identified as
SPF1 in sweet potato (Ipomoea batatas) by Ishiguro and Nakamura (1994). One year
later, Rushton et al. (1995) found the conserved motif WRKYGQK in the first half of
both the cDNA binding proteins ABF1 and ABF2 in wheat and wild oats and the
Cys2/His2 zinc finger domain in the second half (Rushton et al., 1995). Therefore, this
family was named WRKY TFs for the fact that the conserved WRKYGQK sequence
binds to the W-box (Rushton et al., 1996). Ishiguro and Nakamura (1994) provided
evidence that sweet potato SPF1 played a potential role in gene expression and regulation
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by sucrose. Since then, thousands of WRKY genes have been identified in plants and it
has become clear that WRKY is involved in a wide range of plant stress responses and
developmental processes including seed germination, development, and dormancy, leaf
senescence in Arabidopsis thaliana (Rushton et al., 2010).
1.2.

Structural Characteristics
Each WRKY TF is made of approximately 60 amino acid long conserved domain

and includes a heptapeptide WRKYGQK motif at the N-terminus followed by a Zincfinger motif at the C-terminus. The TF binds to W-box (C/T)TGAC(C/T) cis-regulatory
element sequence (Liu et al., 2016) and functions in transcriptional processes for gene
autoregulation and cross-regulation (Figure 1.1).

Figure 1.1 WRKY transcription factor shown in a blue box binds to a W-box cisregulatory sequence shown in a yellow box (C/T)TGAC(C/T) for a transcptional
regulation (Finatto et al., 2018).
The transcriptional processes for gene auto–regulation and cross–regulation
stimulate many genes through a signal cascade and amplify WRKY gene’s promoter
region in some of the WRKYs through protein-protein interaction (Banerjee and
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Roychoudhury, 2015). A single WRKY TF might also be involved in regulating multiple
pathways (Rushton et al., 2010). The WRKY Zinc-finger motif is made of C-X4-5- C-X2223-H-X-H

or C-X7- C-X23-H-X-C at its C–terminal end The WRKY domain with the

zinc-binding pocket contains four β sheets with Cys and His zinc finger residue providing
structural stability through a hydrophobic interaction in the middle of the N-terminus
with Gly residue (Chen et al., 2017b). In various plant species, it has been observed that
WRKYGQK mutated into WRKYGKK or WRKYGEK from its original sequence
WRKYGQK (Chen et al., 2019b; Jiang et al., 2017a). Such sequence modification in the
WRKY domain might affect the regular binding and interactions with target genes (Chen
et al., 2019a).
1.3.

WRKY TF Classification
The WRKY TFs were originally classified into three groups and five subgroups as

shown in Table 1.1 based on the motif compositions (Eulgem et al., 2000). This study
suggests the presence of all three groups of WRKY TFs in higher plants. One recent
study has shown that the Group II members are divided into five subfamilies (IIa, IIb, IIc,
IId, and IIe), and are non-monophyletic (Chen & Liu,., 2019a). Group I is the oldest and
III is the newest group; both groups are found in higher plants.
Besides a few exceptions, groups I and II share the same types of Zinc-finger
structure, C-X4-5- C-X22-23-H-X-H, where X can be any amino acid (Table 1.1). The
difference between group I and II is that group I members have two WRKY domains, one
at each terminus, and group II members have one domain at the C terminus. Group II
members share the zinc finger structure with group I, but group III members have a
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different zinc-finger structure (C-X7- C-X23-H-X-C). All group II and III members have
only one WRKY domain in the protein (Rushton et al., 2010).
Table 1.1. WRKY TF Classification. Residues that are highly conserved within each of
the major groups are WRKYGQK shown in green and both cystine and histidine shown
in red. Group IV are considered as the WRKY domain with domain loss (Goyal et al.,
2020). Modified from Rushton et al. (2010), Chen et al. (2019), and Goyal et al. (2020).
WRKY Groups

Conserved Domain

Group I NT

DGYNWRKYGQK……..RSYYKCTHPH…C- X23-THNH

Group I CT

DGYRWRKYGQK……..RSYYKCTNAG…C- X23-HNH

Group IIa

DGYQWRKYGQK ……..RAYFRCSFAPS..C- X23-HNH

Group IIb

DGCQWRKYGQK……..RSYYRCTMAPG..C- X23-HNH

Group IIc

DGYRWRKYGQK……..RGYYRCTTxG…C- X23-HNH

Group IId

DEYSWRKYGQK……..RGYYKCSSVRG..C- X23-HN H

Group IIe

DLWAWRKYGQK……..RGYYRCSSSKG..C- X23-HNH

Group IIf

QWRWX7…………. CX5-6-CX23-HNH

Group IIg

DXWXWXKXGQK……CX4-5-CX23-HNH

Group III

DGYSWRKYGQK……..RSYYRCTHKKDQGC- X23-HTC

IIIa

DGYSWRKYGQK……RAYYRC-X7-C-X23-HTC

IIIb

DGWQWRKYGQK……RSYYRC-X7 -C-X>23-HTC

Group IV

WRKY domain with domain loss

The WRKY TFs that have lost or incomplete WRKY motifs are identified as
group IV (Chen et al., 2019b). Additional sub-groups IIf and IIg members were named in
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recent studies in solanaceous plants based on their genetic variation and domain
composition (Cheng et al., 2019a). Sub-group IIf members do not have any introns
(CaWRKY17, SlWRKY26, StWRKY17, StWRKY22, and StWRKY73) whereas Subgroup
IIg have all three 0, 1, and 2 phases of introns. Group III members were also found with
different Zinc-finger structure (C-X4-7-C-X22-24-H-X-C) in Solanaceae (Cheng et al.,
2019b). In group I WRKY members, the DNA sequence binds to the WRKY domain at
the C-terminus, and the protein region exterior to the C terminal domain is considered as
the strength of binding (Wang et al., 2020). The function of the N-terminal WRKY
domain is still uncertain. Group I and group IIc proteins share structural features in the Cterminal domain (Table 1.1) with highly similar amino acid residues in the two conserved
zinc-fingers of the WRKY domains. Recently, in Glycyrhiza uralensis, GuWRKY27 was
found to have three WRKY domains (Goyal et al., 2020). Exceptionally in G. uralensis,
GuWRKY20 was found to have two WRKY domains and was classified as a Group I
member although clustered with group III in the phylogenetic classification (Goyal et al.,
2020). Both WRKY domains of the GuWRKY20 gene have zinc finger C-X7- C-X23-H-XC similar to that of the group III members.
In Group IV 12 of Pearl millet (Pennisetum glaucum), PgWRKYs were identified
without the intact zinc finger motif. These 12 PgWRKYs shared the clades with the Group
I, II, and III members (Chanwala et al., 2020). Therefore, these group members might
have evolved from all three groups (Chanwala et al., 2020). There might be a
modification in the functional properties of the WRKY genes because of the motif loss,
which is still unclear (Chanwala et al., 2020). The WRKY TFs in Asian cultivated rice
Oryza rufipogon and Oryza nivara are divided into four groups, and Group I has been
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divided into Ia and Ib, in which two WRKY domains with C2H2 Zinc-finger motifs are
present in Group Ia members, and two domains with C2HC motifs are present in Ib
members (Nan et al., 2020; Xu et al., 2016; Zheng et al., 2018). In O. sativa, Group II
members are divided into ten subgroups (a-j), and Group III members into two subgroups
(a-b).
Another classification by Zhang & Wang (2005) splits WRKY genes into five
groups based on the intron position (R-type, V-type), phylogenetic analysis and domain
conservation. Group I with N and C-terminal domain, remaining four groups with only
C-terminal domain IIa+IIb, IIc, IId+IIe and III. The group IIa+IIb has R-type intron, and
all the remaining groups have V-type intron. In R-type splicing cite the WRKY domain is
in between 2 Gs of arginine and in V-type splicing site it is in front of the valine codon
(Zhang & Wang, 2005).
1.4.

WRKY Gene Family Expansion
The WRKY TF family evolved from 1 to 3 members in Chlorophyceaen algae to

hundreds of those in flowering plants (Chi et al., 2013). This expansion should have been
influenced by the coping mechanism for the environmental challenges and the
management of biotic stresses by a large number of WRKY genes from a wide range of
plant species (Chi et al., 2013). There are two WRKY TFs in the alga, Klebsormidium
flaccidum, one from Group I with two WRKY domains, and another with only one
domain from Group IIb. Hence, these two groups should have been more basal groups
derived from the early evolution of plants (Hori et al., 2014). The WRKY genes found in
non-plants, such as Amoeba and Amoebozoa, are different than the WRKY genes found
in flowering plants (Ishiguro& Nakamura, 1994). The non-plant species in which WRKY
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genes are found are located in two types of environments; either they live in the soil close
to the roots of the plant or as parasites in the guts of humans/animals. Both of these
places show they are close to the plant (Ishiguro & Nakamura, 1994), as gut content ends
up in the soil. Rinerson et al. (2015) proposed initial lateral gene transfer to non-plant
organisms, and the presence of different types of algal-specific genes that are not found
in Angiosperm (Ishiguro & Nakamura, 1994).
According to Rinerson et al. (2015), there are two alternative hypotheses of
evolution of WRKY TFs: Group I and Group IIa + IIb hypotheses. The Group I
hypothesis states that the WRKY TFs evolved from the C terminal WRKY domain
(CTWD) of Group I members and the Subgroup IIa + IIb expanded before the R type
intron, the noncoding region appeared in the CTWD. However, Group IIa and IIb contain
VQR intron, and these different intron positions reflect the divergence. Therefore, the
second hypothesis states that the Subgroups IIa + IIb evolved from a single WRKY
domain (WD) gene in the ancestral algae. Their descendants are different from the Group
I WRKY TFs and the TFs present in ancestral algae. Furthermore, Xu et al. (2016)
proposed that the Subgroup IIc-like WRKY genes are considered the ancestor of all
WRKY genes. According to their hypothesis, Group I might have formed by
duplication(s) of members with a single WRKY domain. Then again loss of the N
terminal domain of Group I might have given rise to Group IIc members, from which all
other groups might have evolved. Additionally, Group IIb TFs were present in the early
groups of plants as it was observed in algae (Rinerson et al., 2015). Group III WRKY
TFs play a vital role in plant adaption to the changes and are evolutionarily dynamic (Xie
et al., 2018). The WRKY TFs are more divergent in fungi than in higher plants. The
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signature WRKYGQK amino acid sequence is rather conserved as “WKNNGNT” in
fungi. (Rinerson et al., 2015). The spacing in between the C and H amino acid/residue in
the zinc figure is also unique (C-X6-C-H-X3-C) and has only one WRKY domain. Fungi
with one WRKY domain may prove that WRKY gene with a single domain existed
before the domain duplication arose (Rinerson et al., 2015).
1.5.

Response to Abiotic and Biotic Stresses
The WRKY gene family plays important role in regulating different plant

processes through transcriptional regulations (Rushton et al., 2010). Plants deal with
stresses in all stages of physiological development. Several WRKY genes are engaged in
multiple biotic and abiotic stress (Table 2) response signaling pathways (Rushton et al.,
2010), such as AtWRKY39 is involved in hormone signaling and heat stress management
(Jiang et al., 2017). Out of 97 CcWRKY genes of Cajanus cajan, 35 of them were found
to be pathogen stress-responsive genes (Kumar et al., 2019). The CcWRKY genes play a
vital role in managing the defense signaling to the wilting disease caused by Fusarium
udum, they were also responsive to the abiotic stress NaCl (Kumar et al., 2019). Plant
microbes also enhanced the expression of the stress responsive genes (Kumar et al.,
2019). Brief descriptions of some of the studies to determine the role of WRKY TF in
response to the stresses are summarized below.
Plants deal with abiotic stresses such as fluctuating light conditions, water
potential (drought, flooding), temperature gradients (freezing and extremely hot days), air
conditions (high CO2, Ozone), soil conditions (salinity and heavy metals), etc. (See Table
1.2). Part of WRKY TF's signaling process is involved in transcriptional reprogramming
during drought, salinity, temperature, high ozone concentration, and CO2 level stress that
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the plant combats (Rushton et al., 2010). Additionally, the duplicated WRKY genes may
play an essential role in keeping the gene stable during abiotic stress (He et al., 2016).
There are 25, 54, and 26 WRKY TFs involved in the abiotic stress responses in soybean,
rice, Arabidopsis, and Brassica napus, respectively (He et al., 2016; Ramamoorthy et al.,
2008). Some abiotic factors are explained as follows.
(a) Drought, Salinity, and Flooding: During a drought condition, plants close stomata to
reduce transpiration (Jiang et al., 2017c). In rice (Oryza sativa), OsWRKY45
increases drought tolerance through stomatal closure and gene regulation (Qui et al.,
2009). Drought usually leads to salinity, hence, these two are interrelated. Salinity is
high concentration of salt that causes osmotic stress on plants. In Pennisetum
glaucum, PgWRKY62, PgWRKY33, and PgWRKY65 are involved in salinity and
drought stress regulation (Chanwala et al., 2020). Different PgWRKYs have expressed
differently in different time periods under the salinity and dehydration treatments.
During their experiment, PgWRKY67, and PgWRKY96 were upregulated whereas,
PgWRKY52 was downregulated. This shows their complex response to abiotic
stresses (Chanwala et al., 2020). In wheat, TaWRKY10 is a major regulator of the
stress gene transcription and osmotic balance during the drought and salinity (Jiang et
al., 2017b). In Arabidopsis, Group IIc members (AtWRKY75, AtWRKY72,
AtWRKY57, AtWRKY28, and AtWRKY8) are involved in osmotic stress regulation
(Zou et al., 2019). When there is a lot of water in the plant's root area and roots
cannot get enough Oxygen, it is known as flooding or waterlogging stress (Pan et al.,
2020). In Arabidopsis, AtWRKY22 represses gene expression by binding to the
promoter and influencing plant stomatal activity to increase plants' resistance to
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drowning in water (Chen et al., 2017a). Out of 71 SiWRKYs in Sesamum indicum, 33
SiWRKY genes are strongly responsive to waterlogging stress (Li et al., 2017).
(b) Temperature Stress: If the temperature goes higher or lower than the threshold level,
then it is called temperature stress. In Brassica napus, 26 BnaWRKYs are involved in
regulating low temperature, salinity, and drought (Phukan et al., 2016).
BnaWRKY147, BnaWRKY166, and BnaWRKY210 showed a high response to the
multiple stresses that include temperature (He et al., 2016). AtWRKY25 and
AtWRKY26 are thermo-tolerant genes in Arabidopsis (Phukan et al., 2016).
(c) Chemical Stress: Plants get chemical stress from air pollution, heavy metals, toxicity,
mechanical damage, UV radiation, micronutrient deficiency, and oxidative stress. In
plants, stress can be responded to by the coordination of different genes which may
crosstalk with each other (Tuteja & Mahajan, 2007). This transduction requires
proper coordination of the signaling pathways. The stress signal in plants depends on
the concentration of calcium (Ca2+) along with the other chemicals such as lipids like
IP3 and cyclic GMP (Tuteja & Mahajan, 2007). In pigeon pea (Cajanus cajan), 26
CcWRKYs were found highly responsive to wilt disease, Fusarium udum, and 11
CcWRKYs responded to F. udum and NaCl (Singh et al., 2019). The leaf surface
created a thick waxy substance in Arabidopsis and Oryza sativa by the UV-B
radiation treatment which helped maintain the heat tolerance by OsWRKY89 (Wang et
al., 2007). Similarly, AtWRKY6, AtWRKY26, AtWRKY30, MdWRKY30, AtWRKY40,
TaWRKY44, AtWRKY45, and AtWRKY75 are involved in the oxidative stress (Li et
al., 2020). ATWRKY6, ATWRKY11, ATWRKY15, ATWRKY32-33, ATWRKY40 and
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ATWRKY53 genes in Arabidopsis along with NaWRKY3 genes in Nicotiana attenuata
are tolerant to mechanical damage (Li et al., 2020).
Table 1.2: WRKY Genes and Response to Abiotic Stresses. Adopted from Finatto et al.
(2018), Jiang et al (2017b) and Li et al. (2020).
Plant Species
Arabidopsis thaliana

WRKY Gene
AtWRKY39

Arabidopsis thaliana
Arabidopsis thaliana

AtWRKY53/54/
70
AtWRKY18/60

Arabidopsis thaliana

AtWRKY45

Glycine max

GmWRKY13

Glycine max
Glycine max

GmWRKY17
GmWRKY54

Oriza sativa

OsWRKY11

Oriza sativa
Oriza sativa

OsWRKY76
OsWRKY72

Oriza sativa

OsWRKY74

Zea mays
Zea mays
Solanum lycopersicum
Vitis vinifera
Triticum aestivum

ZmWRKY17
ZmWRKY23
SlWRKY81
VvWRKY24
TaWRKY2/19

Triticum aestivum
Triticum aestivum

TaWRKY70
TaWRKY7

Brassica campestris

BcWRKY46

Sorghum bicolor

SbWRKY50

Function
Thermotolerance, and
positively co-regulate SA
and JA signaling
pathways
Response to leaf
senescence
Sensitive to osmotic
stress
Upregulation of PHT1-1
expression
Negative regulator in
ABA signaling and
Sensitive to salt and
mannitol,
Salt tolerance
Salt and drought
tolerance
Drought and heat
tolerance
Cold tolerance
Sensitive to salt, drought,
sucrose, and ABA
signaling
Cold and Pi deprivation
tolerance
Salt tolerance
Salt stress tolerance
Drought tolerance
Cold tolerance
Salt and drought
tolerance
Heat tolerance
Upregulates leaf
senescence
Salt and drought
tolerance
Salt tolerance

Reference
Li et al., 2011

Li et al., 2011
Finatto et al., 2018
Wang et al., 2014a
Zhou et al., 2008

Yan et al., 2014
Zhou et al., 2008
Wu et al., 2009
Song et al., 2010
Yokotani et al., 2013

Finatto et al., 2018
Cai et al., 2017
Jiang & Yu , 2009
Ahammed et al., 2020
Wang et al., 2014b
NIU et al., 2012
Wang et al., 2014b
Zhang et al., 2016
Wang et al., 2014b
Song et al., 2020
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Plant Species
Sorghum bicolor

WRKY Gene
SbWRKY30

Function
Salt and drought
tolerance

Reference
Yang et al., 2020

Malus domestica

MdWRKY30

Dong et al., 2020

Populus alba

PagWRKY75

Camellia sinensis

CsWRKY2

Salt and osmotic stress
tolerance
Negative regulator in salt
and drought tolerance
Drought tolerance

Zhao et al., 2019
Wang et al., 2014b

The WRKY TFs respond to the biotic stress such as the microbial pathogen,
herbivores, and mutualistic partners. The WRKY TFs are the major components of both
effecter triggered immunity (ETI) and pathogen-associated plant triggered immunity
(PTI)(Jones and Dangl, 2006). Additionally, WRKY TFs are involved in different plant
signaling pathways such as JA (Jasmonic acid), SA (Salicylic acid), and ET (Ethylene) to
respond to the biotic stress (Jiang et al., 2017b). Group I WRKY genes in Native tobacco
(Nicotiana attenuate), NaWRKY3, and NaWRKY6 coordinate with each other to defend
plants against herbivores and pathogens (Rushton et al., 2010; Skibbe et al., 2008). The
Subgroup IId members might respond to the pathogen- triggered intracellular Ca2+
fluctuation as they have a C motif that is responsible for the calmodulin- binding domain.
(Eulgem & Somssich, 2007).
A recent study in soybean showed involvement of GmWRKY53, GmWRKY86, and
GmWRKY136 in soybean resistance against soybean cyst nematode (Yang et al., 2017).
The resistant level increased to 55% in the SCN resistant cultivar when GmWRKY53,
GmWRKY86, and GmWRKY136 were overexpressed (Yang et al., 2017). In contrast,
AtWRKY23 is a negative regulator of Arabidopsis to defend against cystic nematode
infection (Finatto et al., 2018). More than 70% of AtWRKY genes representing different
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groups are reactive to pathogen infection (Chiet al. 2013). In a separate study,
AtWRKY29, AtWRKY38, and AtWRKY62 were found to involve in pathogen resistance
(Phukan et al., 2016). A WRKY gene from Capsicum annum CaWRKY27 positively
responds to the infection caused by Ralstonia solanacearum (Dang et al., 2014).
Whereas, AtWRKY57 negatively regulates the infection that is dependent on JA signaling
pathways (Finatto et al., 2018). In other words, the loss of function of AtWRKY57
improved the resistance of infections caused by Botrytis cinerea.
1.6.

Growth and Development
Along with biotic and abiotic stress management, WRKY transcription factors

also play a significant role in regulating plant growth and development. According to
Rushton et al. (2010) WRKY proteins are as seen more involved in the senescence and
seed development than other areas of growth and development. Arabidopsis WRKY
gene AtWRKY10, which is known as MINISEED3 regulates the seed size by interacting
with VQ protein, and AtWRKY53 participates in leaf senescence (Chi et al., 2013).
Furthermore, Group I WRKY genes in Arabidopsis AtWRKY2, AtWRKY26, AtWRKY34
and AtWRKY44 are involved in leaf senescence, root hair growth, and pre- and post-seed
germination (Li et al., 2010). Three Group III members AtWRKY46, AtWRKY54 and
AtWRKY70 are involved in brassino steroid -regulated (BR) plant growth and
development (Chen et al., 2017b). Similarly, the Glycyrrhiza glabra WRKYs,
GgWRKY29 and AtWRKY22 are involved in growth and development, and GgWRKY32
and AtWRKY53 in leaf development and senescence (Goyal et al., 2020). In pineapple,
AcWRKY genes showed differential expressions during the cold stress treatments in
different tissue developmental stages (Xie et al., 2018).
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1.7.

WRKY Transcription Factor in Multiple Pathways
The hormone signaling pathways play a vital role in plant immunity. They can

also help modulate protein expression to regulate secondary metabolites (Chen et al.,
2019a). WRKY genes interact within Groups as well as among Groups. Group III
members AtWRKY30 and AtWRKY53, AtWRKY30 and AtWRKY54, and AtWRKY30 and
AtWRKY70 interact with each other (Chi et al., 2013). Whereas Group IIa members
AtWRKY18, AtWRKY40 and AtWRKY60 interact within themselves, such as
AtWRKY18/AtWRKY18, AtWRKY40/AtWRKY40, AtWRKY60/AtWRKY60 (Chi et al.,
2013). Additionally, AtWRKY41, AtWRKY53, and AtWRKY70 are induced by SA, and
AtWRKY70 was seen engaged in regulating SA-JA-mediated signaling pathways (Chen et
al., 2019a). WRKY70 acts as a repressor of JA-responsive genes but acts as activator to
SA-induced genes, thereby participating signals from these equally incompatible
pathways (Bakshi & Oelmüller, 2014).
In Capsicum frutescens, CaWRKY6 activates CaWRKY40 for humidity and hightemperature tolerance (Cai et al., 2015). To manage drought and salt stress GmWRKY27
interacts with GmMYB174 to inhibit the expression of downstream GmNAC29 promoter
(Wang et al., 2015)
1.8.

Rationale of the Present Study
The increasing availability of complete genome sequences from plant species at

various taxonomic levels and the advancement of tools in bioinformatics make it possible
to carry out evolutionary analyses of gene families including WRKY TFs across the plant
kingdom. Recent availability of the complete genome sequences of Amborella
trichopoda, the most basal species of Angiosperm phylogeny, allowed me to conduct a
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systematic study of WRKY genes in Amborella and study their evolution in eight plant
species representing diverse taxonomic groups of Angiosperms.
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CHAPTER 2: WRKY TRANSCRIPTION FACTOR ENCODING GENES
IN AMBORELLA TRICHOPODA
2.1.

Introduction
Amborella trichopoda Baill. (Amborellaceae) is the most basal Angiosperm

species with taxonomic features important for understanding the evolution of all
flowering plants. Understanding the genome and gene family evolution throughout
Angiosperms requires a clear understanding of A. trichopoda genome, which is 748 Mb
(Albert et al., 2013; Chamala et al., 2013). The genome size of A. trichopoda is larger
than ~135 Mb of Arabidopsis thaliana (Lamesch et al., 2012). A. trichopoda belongs to a
monotypic genus Amborella, which is endemic to New Caledonia, in the South Pacific,
off the north coast of Australia. It is an understory evergreen shrub producing greenish
male flowers and whitish-green female flowers that bear single-seeded green fruits
turning red at maturity (Albert et al., 2013). A. trichopoda was not cultivated until 1980
but is still rare in cultivation. The species has been successfully cultivated in botanic
gardens around the world (Albert et al., 2013).
As part of their adaptations to very dynamic environmental conditions, plants
have evolved strategies to modulate environmental challenges since the first plants arose
almost 500 million years ago (Morris et al., 2015). As a result, more adaptable recent
forms of flowering plants have emerged. Genome structure and phylogenomic analyses
show that the ancestral Angiosperm was likely a polyploid with an extensive collection of
novel and ancient genes that survived to play critical roles in Angiosperm biology (Zhu et
al., 2019). Over time, plants have developed survival, or stress-regulating, mechanisms.
WRKY transcription factors are among the ten most abundant families of transcription
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factors (TFs) in higher plants (Goyal et al., 2020). They positively or negatively regulate
(Yue et al., 2019) biotic and abiotic stress tolerance in plant processes (Eulgem &
Somssich, 2007). Besides that, the WRKY proteins also play role in physiological
processes, including leaf senescence, seed dormancy and germination, gene expression,
embryogenesis, trichome development, fruit flavor, modulation of flowering time, and
signal transduction (Eulgem et al., 2000).
The WRKY transcription factors are encoded by WRKY genes that are common in
the genomes of all land plants. Since the first WRKY gene SPF1 was identified in sweet
potato in 1994 (Ishiguro & Nakamura, 1994), numerous WRKY genes in hundreds of
plant species, including Arabidopsis, barley, sunflower, tomato, pineapple, grapevine,
quinoa, eggplant, rice, etc., have been characterized (Schluttenhofer et al., 2014).
Arabidopsis thaliana has been used as a model plant species for research, as it has a
simple genome and applicable similarities with the other plants; it is also the first plant to
have its entire genome sequenced. 14500 WRKY genes have been identified from 165
plant species, with 100 species from eudicots, 38 species from monocots, and 16 species
from chlorophytes (Jin et al., 2016). Among them, 12 species of legumes contributed to
1094 WRKY genes (Song et al., 2018).
Like many transcription factors, WRKY transcription factors have a DNAbinding domain (Jin et al., 2016) called the WRKY domain. The WRKY domain is 60
amino acids long and, has a zinc-finger motif at the C-terminus (either CX4-5CX22-23HXH
or CX7CX23HXC) and a conserved WRKYGOK motif at its N- terminus. Most of the
WRKY transcription factors bind to the W-box promoter element, which has a
compromise sequence of (T)(T)GAC(C/T) (Zhang & Wang, 2005). In addition, WRKY
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TFs regulate through binding the W-box with the core sequence cis-elements in gene
promoters (Chen et al., 2019b). Eulgem et al. (2000) classified the WRKY genes into three
groups, namely, groups I, II, and III, based on the number of WRKY domains and
composition of the Zinc finger motifs. Group-I members have two WRKY domains and a
C2H2 Zinc finger type (C-X4–5-C-X22–23-H-X-H); Group-II members have one WRKY
domain and a C2H2 Zinc finger, and are further divided into five subgroups (IIa, IIb, IIc,
IId, and IIe); and Group-III members have only one WRKY domain with a C2H2 zinc
finger type (C-X7-C-X23-H-X-C). Group II and III both have only one domain but differs
in zinc finger structure. The number of WRKY genes in algae, the ancestral group of all
plants, is much lower as seen in the Chlamydomonas reinhardtii genome, where there is
only one WRKY gene that belongs to the Group-I (Yue et al., 2019). Whereas, the model
plant Arabidopsis thaliana has 72 WRKY genes (Eulgem et al., 2000), representing all
three groups and subgroups.
An understanding of the evolution of the WRKY gene family is required to know
how WRKY mediated stress response and signaling evolved across the plant kingdom
(Xie et al., 2018). Hence, it is imperative to explore the WRKY genes in a basal
Angiosperm species to learn their evolution across flowering plants. Therefore, the
WRKY transcription factors present in A. trichopoda are a critical reference for
understanding WRKY gene family's evolution throughout Angiosperm history (Albert et
al., 2013). The number of predicted protein-coding genes in the genome of A. trichopoda
and Arabidopsis thaliana are similar according to the TAIR10 website (TAIR10,
http://www. arabidopsis.org) (Albert et al., 2013).
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In the present study, we conducted genome-wide identification of the WRKY gene
in Amborella trichopoda and examined functional divergence of the genes in relation to
those in Arabidopsis thalaina. A. trichopoda whole genome sequence was validated by
Chamala et al. (2013). While Angiosperms have an abundance of WRKY genes, their
diversification is believed to have occurred after the divergence of the Monocot and
Eudicots within the Angiosperms (Wu et al., 2005). Therefore, we also assessed the
divergence of WRKY TFs in eight plant species representing Angiosperm phylogeny in
relation to A. trichopoda.
2.2.

Methods
The Arabidopsis thaliana WRKY protein sequences were obtained from TAIR

database (https://www.arabidopsis.org/). The Amborella trichopoda and Chlamydomonas
reinhardtii (as an outgroup) WRKY Protein sequences were obtained from the NCBI
gene bank (https://www.ncbi.nlm.nih.gov/) using the basic local alignment search tool,
and the protein BLAST was performed with the whole genome Arabidopsis WRKY
genes (https://guides.lib.berkeley.edu/ncbi/blast). All parameters were set to the default
(Max target sequences-100, Expected threshold 0.05, word size-6, Max matches in a
query range-0, Matrix-Blosum62, Gap Costs- Extension 11 Extension 1, Compositional
adjustment- conditional composition score matrix adjustment) to identify the number of
WRKY genes in Amborella and Chlamydomonas, then the sequences were downloaded in
FASTA format. Redundant sequences and incomplete residual sequences were removed
after the multiple sequence alignment using the Muscle algorithm in the MEGA X
(Kumar et al., 2018) and Snap gene viewer (SnapGene Software, Insightful Science).
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To understand the evolution of the WRKY gene in the Angiosperms, the
AmTrWRKYs were compared with their homologs in seven other plant species
representing the major clades of Angiosperm Phylogeny. Those seven species included
Cinnamomum micranthum (Laurales; Magnoliiods), Asparagus officinalis (Asparagales;
Monocots), Arabidopsis thaliana (Brassicales; Rosids II), Glycine max (Fabales; Rosids
I), Gossypium raimondii (Malvales; Rosids II), Chenopodium quinoa (Caryophyllales;
Asterids I), and Helianthus annuus (Asterales; Asterids II). The genome sizes were
obtained from the NCBI Gene Bank and WRKY protein sequences were obtained from
the phytozome website (https://phytozome-next.jgi.doe.gov/). The sequences were then
trimmed up to 65 amino acids (3 amino acids before the WRKYGQK, and 2 amino acids
after the end of the zinc finger structure) for further analyses.
The multiple sequence alignment of WRKY domains were performed using the
program Muscle with default parameters (Gap penalties: Gap open-2.90, Gap extended
0.00, Hydrophobicity Multiplier-1.20, Memory iterations: Max memory in MB-2048,
Max iterations-16, Advanced options: Cluster method- iteration 1,2 UPGMA, other
iteration- UPGMA, Min Diag Length-24). The sequences with no WRKYGQK were
removed, while the sequences containing either WRKYGQK or the modified versions,
which include GQK with no zinc finger or the incomplete zinc finger, were kept for the
analysis. Then the alignments were used to classify better and understand the Amborella
WRKY proteins (Figure 2.1) along with the seven other species. After the WRKY
proteins were arranged according to their structure, the file was converted to a FASTA
sequence in which amino acids are represented using single-letter codes. For further
confirmation of the conserved domains, the programs Geneious (Geneious, 2020) and
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SnapGene were used. Conserved domains were analyzed for classification following the
Arabidopsis model (Eulgem et al. 2000).
There are many ways of constructing trees. Neighbor-joining (NJ) is a fast
method of tree construction that uses genetic distances between the sequences after
sequence alignment (Saitou & Nei, 1987). It does not assume an equal rate of evolution
amongst all lineages, produces only one tree despite many possibilities, and does not
distinguish overall similarities from the shared derived characters. Maximum parsimony
(Minimum evolution) is a character-based approach that uses shared derived traits for
phylogenetic analysis (Kannan & Wheeler, 2012). The algorithm attempts to reduce
branch length, so the best tree is the simplest one that uses the least character
substitutions. Major weaknesses include long-branch attraction and least information
about the branch lengths. Bayesian inference method is a character-based approach that
uses posterior probabilities for tree reconstruction (Huelsenbeck and Ronquist, 2001)
Huelsenbeck and Ronquist, 2001. Bayesian inference and Maximum likelihood methods
are character-based methods and are more popular methods as both incorporate
evolutionary models in phylogenetic analysis. Although computationally intensive,
Maximum likelihood method is the most commonly used method suitable for
formulating/testing hypotheses of evolutionary relationships and yielding the most
reliable results. For these reasons, we used Maximum likelihood analysis in the present
study.
The phylogenetic tree was constructed with the full sequences from A.
trichopoda, A. thaliana, and Chlamydomonas in the program MEGA X (Kumar et al.,
2018) with the following parameters: the maximum likelihood method with 500 bootstrap
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replications to avoid the bias, and Gama distribution (JTT+ G) was used to model
evolutionary rate differences among sites where G parameter = 0.7363. All positions with
less than 95% site coverage were eliminated with a partial deletion option.
The redundant sequences were found by using multiple sequence alignment in
MEGA X and the online tool endscript (http://endscript.ibcp.fr/ESPript/ENDscript/). The
PSORT (https://psort.hgc.jp/) and the Plant-mPLoc
(http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/) online websites with the default
parameters were used to predict and compare the subcellular localization of the A.
trichipoda and A. thaliana WRKY genes. Genome location was mapped on the
chromosome of the A. trichopoda by using the TBLASTN in NCBI with the default
parameters, and all the best hits were obtained from the TBLAST in the result.
AmTr WRKY genes were classified based on the conserved WRKYGQK
domain, amino acids before WRKY domain, and the zinc finger structure including the
conserved zinc-finger structure (Chen et al., 2019b; Eulgem et al., 2000; Rushton et al.,
2010). To examine the regulatory role of AmTr WRKY gene, online bioinformatics tool
STRING (Lee et al., 2015) was used for multiple sequence BLAST. Along with the
STRING, the pair-wise distance method (MEGA X) and single sequence delta BLAST
(NCBI, Accelerated protein-protein BLAST) tools were used to confirm the group
classification. The algorithm default parameters included an expected threshold cut-off
1e-5 and PAM30 rest. The Amborella homologs of Arabidopsis were determined by
percent identity and higher bit score value using STRING (Table 2.1). Multiple copies of
a gene were named as the following: the first one was kept as is, and the second was
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suffixed .1 and the third copy was suffixed .2 and so on (for example, three copies of
AmTrWRKY33 were named AmTrWRKY33, AmTrWRKY33.1, and AmTrWRKY33.2).
2.3.

Results and Discussion
Identification of WRKY genes in Amborella trichopoda:

A total of 42 AmTr WRKY genes were identified in the A. trichopoda genome in the
present study (Table 2.1). The number of AmTrWRKY genes is much smaller than those
reported in most of the flowering plant species, where 70 or more WRKY genes are
reported (Huang et al., 2012). The WRKY TFs are believed to have diversified more in
recent groups of Angiosperms, forming a big family of transcription factors (Mohanta et
al., 2016). The ancestral WRKY genes of basal eukaryotes might have undergone gene
duplications that resulted in a large gene family of WRKY proteins of diverse functions
(Kong et al., 2007). Both tandem and segmental gene duplications have contributed
significantly to the evolution of this plant gene family (Chen et al., 2019b). In
Angiosperms, polyploidy is reported to have had a major impact on the evolution of gene
families through several ancient genome doubling events (Soltis et al.,2009 ). Therefore,
the ancient whole-genome duplication (WGD) event may have occurred in a basal
Angiosperm. However, there was no evidence of whole-genome duplication in Amborella
trichopoda (Soltis, 2009; Albert, 2013).
The AmTrWRKY protein sequences vary in length from 104 to 826 amino acids,
with a much smaller range than the AtWRKY sequences ranging from 109 to 1895 amino
acids. All the AmTr WRKY TFs are localized in the nucleus region like AtWRKY and
CHRWRKY. All of the 42 AmTrWRKYs were named based on the Arabidopsis homologs.
Nine out of 42 AmTrWRKY’s were found to have multiple copies of the Arabidopsis
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homologs. Arabidopsis WRKY gene AtWRKY55 has two, AtWRKY53 has two, AtWRKY35
has two, AtWRKY34 has three, AtWRKY33 has three, AtWRKY22 has two, AtWRKY20 has
two, AtWRKY9 has two, and AtWRKY6 has three homologs in Amborella (Table 2.1).

Figure 2.1. Amborella trichopoda WRKY TF domain structure and classification into
three groups I (NT & CT), II (a-e), and III. Group I and II with C2H2 and group III with
C2HC, and two AmTr WRKY genes with incomplete zinc finger are not classified. The
classification followed Eulgem et al. (2000) and Rinerson et al. (2015).“NT” and “CT”
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represent the N-terminal and C-terminal. The figure was created using the SnapGene
software (from Insightful Science; available at www.snapgene.com).
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Figure 2.2. WRKY TF family classification (a) Distribution of the AmTrWRKY genes by
groups and subgroups. (b) Groups and subgroups abundance among A. trichopoda, A.
thaliana and Chlamydomonas genomes.
The 42 WRKY proteins of Amborella were classified into three main groups
(groups I, II, and III) based on the composition of their WRKY domain in the amino acid
and the structure of the zinc finger motif. Furthermore, Group II has been classified into
five subgroups (Group II a – e); the classification followed Eulgem et al. (2000), Rushton
et al. (2010), Chen et al. (2019) , and Eulgem et al. (2000). “NT” and “CT” represent the
N-terminal and C-terminal WRKY domain of the specific AmTrWRKY gene from the
group I (Figure 2.1). The sequence WRKYGQK is highly conserved in most of the
sequences, except one AmTrWRKY protein from Group IIc. The
AmTr_s00013p00160270 and AmTr_s00053p00160270 could not be classified because
of the incomplete zinc structure (Figure 1). However, the WRKY genes that have an
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incomplete WRKY domain with domain loss are identified as Group IV by Xu et al.
(2016) in the wild rice Oryza nivara.
Out of the 42 AmTr WRKY genes, 11 members belong to group I, AmTrWRKY2,
AmTrWRKY3, AmTrWRKY4, AmTrWRKY 20, AmTrWRKY 33, and AmTrWRKY34
(Figure 2.3). All 11 members of Group I consist of both N and C terminal WRKY
domains and are composed of C2H2-type zinc-finger motifs (C-X4-C-X22–23-H-X-H). An
incomplete zinc finger was found in the CT domain of the two members (Figure 2.1). The
N terminal and C terminal WRKY domains were found clustered in the same clade
(Figure 2.2) as in Arabidopsis thaliana. This shows that these two domains might have
evolved in parallel. A large number of the Group I members in A. trichopoda could be the
reason for Group I being an original ancestor of the WRKY gene family. The function of
the Group I AmTrWRKY gene members from the other studies show that CsWRKY2 is a
regulator of cold and drought stress (Yue et al., 2019), HvWRKY2 is a repressor of the
basal defense gene (Rushton et al., 2010). Similarly, AtWRKY3 is resistant to
necrotrophic pathogens (Lai et al. 2008); it also defends against herbivore attacks
(Rushton et al. 2010). Whereas, AtWRKY4 affects negatively on plant resistance to
biotrophic pathogens (Lai et al., 2008). Additionally, AtWRKY20 responds to Jasmonate
(Schluttenhofer et al., 2014), WRKY33 increases susceptibility to the necrotrophic fungal
pathogen Botrytis cinerea (Birkenbihl et al., 2012), regulates salt tolerance (Rushton et
al., 2010), is involved in thermotolerance in plant (Banerjee & Roychoudhury, 2015), and
also have basal resistance (Xu et al., 2016).
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Figure 2.3. Maximum Likelihood phylogenetic analysis of 115 amino acid sequences
representing 42 A. trichopoda, 72 A. thaliana, and 1 Chlamydomonas WRKY TFs. The
WRKY genes are shown with their names and groups in the parentheses. Groups and
Subgroups are color-coded. The WRKY genes from Amborella classified, Amborella not
classified, Arabidopsis, and Chlamydomonas, are color coded in purple, green, navy blue,
and red, respectively.
There are 23 AmTrWRKY genes in Group II (Figure 2.2), which is divided into
five subgroups (a-e): two AmTrWRKY genes in Group IIa (AmTrWRKY40,
AmTrWRKY40.1), five in Group IIb (AmTrWRKY6, AmTrWRKY6.1, AmTrWRKY6.2,
AmTrWRKY9, AmTrWRKY 31), nine in Group IIc (AmTrWRKY08, AmTrWRKY13,
AmTrWRKY23, AmTrWRKY28, AmTrWRKY43, AmTrWRKY49, AmTrWRKY50,
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AmTrWRKY57, AmTrWRKY75), two are in Group IId (AmTrWRKY11 and AmTrWRKY
21), and five WRKY genes are in Group IIe (AmTrWRKY22, AmTrWRKY22.1,
AmTrWRKY14, AmTrWRKY35, and AmTrWRKY35.1), respectively. Group II WRKY
genes are the most numerous among all the groups as they represent 54.76 % of the
AmTrWRKY genes.
Group IIa had emerged early in evolution of pteridophytes (Yue et al. 2019) and
is present in both Angiosperms and Gymnosperms. According to Chen et al.(2010) the
Group IIa member WRKY40 is a transcriptional repressor (Chen et al., 2010). The
phylogenetic relationship of Group IIa AmTrWRKY and AtWRKYs are in the same clade
shows functional similarities in regulating the gene expression of genes responding to
chloroplast and mitochondrial dysfunction (Van Aken et al., 2013).
Both Group IIb members of WRKYs in A. trichopoda and A. thaliana are nested
together (Figure 2.3). The homologs of Group IIb members of A. trihopoda are involved
in various stress regulations in Arabidopsis and other plant species (Eulgem et al., 1999;
Chen et al., 2017; Devaiah et al., 2007; Xie et al., 2018). AtWRKY6 responds to the low
phosphorus stress by revealing potential vital genes (Li et al.,2017), it is also associated
with Phosphate and Boron uptake (Chen et al., 2017), leaf senescence- and defenserelated processes (Devaiah et al., 2007). Similarly, AcWRKY9 is an ortholog of
AtWRKY25 found involved in ABA signaling network and salt tolerance (Xie et al.,
2018). The MdWRKY in Malus domestica is a homolog of AtWRKY31 that is resistance
to cereal pathogen to Magnaporthe oryzae (Zhao et al., 2019 ). In Arabidopsis, Group IIb
members AtWRKY6 and AtWRKY42 interact with each other (Chen et al. 2009). There are
three copies of the AmTrWRKY6, which are homologs with Arabidopsis (Table 2.1).
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Group IIc is the largest WRKY group in Amborella trichopoda. These group
members are more abundant in dicotyledon and Gymnosperm species (Yue et al., 2019)
and are not monophyletic (Zhang & Wang, 2005; Rushton et al., 2008). Group IIc
members in A. trichopoda have single copies of the nine different WRKY genes.
However, the WRKYGQK has been modified into common variant sequence
WRKYGKK in AMTR_006842164.1(IIc) (Figure 2.1). Such variation in amino acids in
the WRKY domain may play important role in binding recognitions influencing a normal
interaction with downstream target genes (Chen & Liu, 2019a). The Group IIc members
are nested with members from other groups, making the group paraphyletic. The two
WRKY members from Group I, AmTrWRKY3 and AmTrWRKY34 are nested with Group
IIc members. Similarly, two of the Group IIc members AmTrWRKY75 and AmTrWRKY23
are nested with Group I members. Among other Group IIc members, AmTrWRKY23 is
nested with Group III, and AmTrWRKY49 and AmTrWRKY57 are nested with Group IId
in the phylogenetic tree. Phylogenetic nesting of Group I and group IIc into different
clades indicate multiple origins of AmTrWRKY proteins. Nesting of members from
Group I and Group IIc might be due to the two groups sharing structural features in the C
-terminal domain. Functionally, Group IIc members are involved in regulating both biotic
and abiotic stresses. AtWRKY8 in Arabidopsis is associated with defense against fungal
and necrotrophic pathogens as well as plant basal defense (Chen et al., 2013). In Glycine
max, GmWRKY13 responds to salt and mannitol stress (Rushton et al., 2010).
In Zea mays, ZmWRKY23 has high-salt stress tolerance (Jiang et al., 2009).
Furthermore, Oryza sativa WRKY28 is a transcription repressor and regulates the basal
defense negatively and modulates plant innate immunity against Magnaporthe oryzae,
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ovule development (Chen et al., 2017). Additionally, TaWRKY49 manages SA-, JA-, ET,
and ROS-mediated signaling (Wang et al., 2017). Similarly, AtWRKY50 is a salicylic
acid (SA) inducible marker gene for Arabidopsis systemic acquired resistance (Hussain et
al., 2018). Lastly, in pineapple, WRKY57 helps in drought stress recovery (Xie et al.,
2018), is a modulator of phosphate starvation (Eulgem et al., 2000), and aids in root
response to abiotic stress (Yue et al., 2019).
AmTrWRKY Group IId members are less in number compared to those in A.
thaliana (Figure 2.2b). AmTrWRKY11 and AmTrWRKY21 share a clade with Group IIc
members (Figure 2.3). A Group IId member, OsWRKY 11 was found to mitigate heat and
drought tolerance in rice (Eulgem et al., 2000) and VvWRKY11 was found to be involved
in drought stress in pineapple (Xie et al., 2018). The group IId members were found to
serve as a defense against virulent P. syringae (Eulgem & Somssich, 2007) in
Arabidopsis, and play a crucial role in flowering time, and plant height (Chen et al.,
2017; Cai et al.2014).
A.trichopoda Group IIe and IIb members are similar in number (Figure 2.2a).The
group IIe members of Amborella: AmTrWRKY14, AmTrWRKY22, AmTrWRKY35, and
Arabidopsis Group IIe members are clustered together (Figure 2.2). These group
members are predicted to be involved in basal defense genes (STRING) and are also
reported to help in leaf senescence (Chen et al., 2017).
The Group III WRKY genes are mostly found in flowering plants and play an
essential role in plant growth. They were considered, evolutionarily, as the most recent
group of WRKY genes until Group III WRKY genes were found in moss and spike moss
genomes (Rinerson et al., 2015). Amborella trichopoda, has only six Group III members:
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AmTrWRKY41, AmTrWRKY53, AmTrWRKY53.1, AmTrWRKY55, AmTrWRKY55.1, and
AmTrWRKY70 (Figure 2.3), which contain the C2HC type of zinc fingers (C-X7-C-X23-HX-C structure). Group III AmTrWRKY’s and AtWRKY’s are intact and are within the
same clades, except for some of the Group IIc members that are nested in Group III.
Groups II and III members have only one C-terminal domain like in A. thaliania (Figure
2.1). The group members are involved in seed dormancy, which binds to the promoter
elements of PR1 (Chen et al., 2017). In Parsley, WRKY53 is involved in the modification
of covalent histone (Rushton et al., 1996). WRKY Group III member-protein responds to
pathogenic stress. The thirteen Arabidopsis Group-III WRKY proteins were found to
interact with each other, and self with a split ubiquitin yeast two-hybrid system and
prominent interaction of AtWRKY30 with AtWRKY53, AtWRKY54, and AtWRKY70
(Besseau et al. 2012). Further analysis of the Group-III members AmTrWRKY53 and
AmTrWRKY70 on protein-protein interaction would be beneficial to validate their
function.
AmTrWRKY55, AmTrWRKY55.1, and AmTrWRKY53 were found very closely
related to AtWRKY30. AmTrWRKY33 and AmTrWRKY33.1 were found homologous with
AtWRKY33. AmTrWRKY34, AmTrWRKY34.1, and AmTrWRKY34.2 were found
homologous with AtWRKY44. AmTrWRKY34.3 was found very close to the AtWRKY19
(Figure 2.3). A gene expression analysis through a wet lab experiment needs to be done
to find out if the function has remained the same or has changed. Further investigation of
the WRKY gene across the plant phylogeny will help understand the evolution of WRKY
transcription factors across the flowering plants.
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Table 2.1 List of Amborella trichopoda WRKY genes identified in the present study
(STRING ID 3702). The group names are given in the parentheses under each
AmTrWRKY. AmTr_s00013p00160270 and AmTr_s00053p00160270 with two
incomplete WRKY domains are not included in the Table.
SN

Amborella Protein

Nomenclature &

Sequence (Arabidopsis

Classification

SN

Homolog)
1

2

3

4

5

6

7

8

9

10

11

Amborella Protein

Nomenclature &

Sequence (Arabidopsis

Classification

Homolog)

AMTR_006857552.1

AmTrWRKY2

(AT5G56270.1)

(Group-I)

AMTR_020523228.1

AmTrWRKY3

(AT2G03340.1)

(Group-I)

AMTR_011623586.1

AmTrWRKY4

(AT1G13960.1)

(Group-I)

AMTR_020524302.1

AmTrWRKY6

(AT1G62300.1)

(Group-IIb)

AMTR_020524612.1

AmTrWRKY6.1

(AT1G62300.1)

(Group-IIb)

AMTR_s00015p00181570

AmTrWRKY6.2

(AT1G62300.1)

(Group-IIb)

AMTR_006837076.1

AmTrWRKY8

(AT5G46350.1)

(Group IIc)

AMTR_006840372.1

AmTrWRKY9

(AT1G68150.1)

(Group-IIb)

AMTR_006842141.1

AmTrWRKY9.1

(AT1G68150.1)

(Group-IIb)

AMTR_006845756.1

AmTrWRKY11

(AT4G31550.1)

(Group-IId)

AMTR_006842206.1

AmTrWRKY13

(AT4G39410.1)

(Group-IIc)

21

22

23

24

25

26

27

28

29

30

31

AMTR_011627110.1

AmTrWRKY33

(AT2G38470.1)

(Group-I)

AMTR_s00089p00116340

AmTrWRKY33.1

(AT2G38470.1)

(Group-I)

AMTR_006828264.1

AmTrWRKY34

(AT4G26440.1)

(Group-I)

AMTR_011627300.1

AmTrWRKY34.1

(AT4G26440.1)

Group-I)

AMTR_011627304.1

AmTrWRKY34.2

(AT4G26440.1)

(Group-I)

AMTR_006840437.1

AmTrWRKY35

(AT2G34830.1)

(Group-IIe)

AMTR_006843337.1

AmTrWRKY35.1

(AT2G34830.1)

(Group-IIe)

AMTR_006857212.1

AmTrWRKY40

(AT1G80840.1)

(Group-IIa)

AMTR_006857213.1

AmTrWRKY40.1

(AT4G22070.1)

(Group-IIa)

AMTR_s00077p00103880

AmTrWRKY41

(AT4G11070.1)

(Group-III)

AMTR_020522200.1

AmTrWRKY43

(AT2G46130.1)

(Group-IIc)
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12

13

14
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6
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18

19

20

Amborella Protein

Nomenclature &

Sequence (Arabidopsis

Classification

Homolog)

AMTR_006830221.1

AmTrWRKY14

(AT1G30650.1)

(Group-IIe)

AMTR_006836767.1

AmTrWRKY20

(AT4G26640.2)

(Group-I)

AMTR_011621822.2

AmTrWRKY20.1

(AT4G26640.2)

(Group-I)

AMTR_006838845.1

AmTrWRKY21

(AT2G30590.1)

(Group-IId)

AMTR_006853288.2

AmTrWRKY22

(AT4G01250.1)

(Group-IIe)

AMTR_s00032p00016380

AmTrWRKY22

(AT4G01250.1)

(Group-IIe)

AMTR_s00004p00067720

AmTrWRKY23

(AT2G47260.1)

(Group-IIc)

AMTR_006841629.1

AmTrWRKY28

(AT4G18170.1)

(Group-IIc)

AMTR_006828163.1

AmTrWRKY33

(AT2G38470.1)

(Group-I)
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33

34

35

36

37

38

39

40

AMTR_020524094.1

AmTrWRKY49

(AT5G43290.1)

(Group-IIc)

AMTR_006842164.1

AmTrWRKY50

(AT5G26170.1)

(Group- IIc)

AMTR_006842505.1

AmTrWRKY53

(AT4G23810.1)

(Group-III)

AMTR_006847325.1

AmTrWRKY53.1Group-

(AT4G23810.1)

III)

AMTR_011624454.1

AmTrWRKY55

(AT2G40740.1)

(Group-III)

AMTR_s00015p00228580

AmTrWRKY55.1

(AT2G40740.1)

(Group-III)

AMTR_s00012p00243090

AmTrWRKY57

(AT1G69310.1)

(Group-IIc)

AMTR_006842506.3

AmTrWRKY70

(AT3G56400.1)

(Group-III)

AMTR_011624879.1

AmTrWRKY75

(AT5G13080.1)

(Group-IIc)

Functional divergence of the WRKY TFs in relation to those in A. trichopoda:
A total of 607 WRKY TFs ( See figure 2.4) were identified from the six species;
67 in Cinnamomum micranthum (Magnolid) with a genome size of 730.416 Mb, 55 in
Asparagus officinalis with 1187.54 Mb (Monocot), 174 in Glycine max with 993.002 Mb
(Eudicit, Rosid I), 119 in Gossyoium raimondii with 761.565 Mb ( Eudicit, Rosid II), 85
in Chenopodium quinoa with 1333.55 Mb (Eudicot, Asterids I), and 107 in Helinthus
annus with 3600 Mb (Eudicot, Asterids II). Genome sizes vary from 119.75 Mb in A.
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thaliana to 3600 Mb in Hilianthus annuus. The genome size of A. trichopoda is 748 Mb,
which is higher than the Cinnamomum micranthum and A. thaliana, but the number of A.
trichopoda WRKY genes is the lowest among all species studied in the present study.
There might not be a correlation between the genome size and the number of WRKY TFs
in these plant species.
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Figure 2.4 Divergence of WRKY TFs (a) Number of WRKY TF s and their genome sizes
in Amborella trichopoda, Cinnamonum micranthum, Asparagus officinilas, Glycine max,
Gossyopium raimondii, Arabidopsis thaliana, Chenopodium quinoa, and Helianthus
annuus (b) All the species from figure (a) with incomplete WRKY TFs
Out of 67 TFs in Cinnamomum micranthum, two of them have incomplete zinc
fingers. One of the Group III members has a CHC zinc finger structure instead of HTC
(Figure 2.5). Group I includes 11WRKY genes, Group II includes 47 (IIa-5, IIb-9, IIc-16,
IId-10, IIe-7) and Group III includes seven gene members.
In Asparagus officinalis, five of the WRKY domains were incomplete among
fifty-five members in total. Four members with an incomplete WRKY domain have no
zinc finger structure or incomplete or significantly modified. Two of the GroupII
members were modified into WRKYGKK along with one Group III member.
Additionally, four of the Group I members mutated from their original
sequence,WRKYGQK, to WKKYGQK, WNKEYGQK, WRKCRQK, or WRKYGEK
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(Figure 2.5). One of the WRKY TFs was found with an unusual Zinc finger of C-X9-C.
Group I includes 10, Group II includes eighteen ( IIa-2, IIb-5, IIc-15, IId-4, IIe-4) and
Group III includes 10 WRKY genes.
Yang et al. (2017) identified 174 WRKY TFs in Glycine max, which aligns with
the total numbers of WRKY TFs we identified in this species. Out of 174 members, two
members have an incomplete zinc finger structure. Two of the Group IIa members were
modified into WKKYGQK from WRKYGQK; this modification might have abolished or
altered the DNA binding activity (Yang et al., 2017). (Figure: 2.5) Group I includes 27
WRKY genes, Group II includes 121 (IIa-12, IIb-30, IIc-43, IId-17, IIe-19) and Group III
includes 24 members. Two of the Group IIa members were modified to WKKYGQK.
An earlier study identified 120 WRKY genes in Gossypium raimondii (Cai et al.,
2014). However, we identified 119 WRKY genes in our study. One of the members,
Gorai.008G200800.1, has three WRKY domains, two in the N terminal (NTI, NTII)
position, and one in C terminal (CT) position. Similarly, Goyal et al. (2020) also found
three WRKY domains, including two in the N terminal position (N I and N II) and one in
the C terminal position in G. uralensis, GuWRKY27 (the underground root, genus
Glycyrrhiza). All of the three WRKY domains of GuWRKY27 were clustered into Group
III (Goyal et al., 2020). In Gossypium raimondii Group I includes eighteen WRKY genes,
Group II includes 89 (IIa-7, IIb-15, IIc-38, IId-16, IIe-13) and Group III includes 12
members (Figure 2.5)
We identified 85 WRKY TFs in Quinoa however, Yue et al. (2019) have
identified 92 members. Out of 85 members, 13 members have incomplete zinc fingers,
which is the highest among all species included in the present study (Figure: 2.5). Group
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I includes 19 WRKY genes, Group II includes 44 ( IIa-4, IIb-10, IIc-13, IId-10, IIe-7) and
Group III includes nine. Two of the Group IIc members were modified into
WRKYGKK, one Group IIb member was modified into WRKYGEK, one IIe member
was modified into WRKYGEK, and one Group III member along with two Group I CT
members mutated to WRKSYYK.
Liu et al. (2020) identified 119 WRKY TFs in Helianthus annuus, however, we
identified 107 in total. Out of 107 members, two members were incomplete and one had
an incomplete zinc finger structure. Three of the Group IId members were modified into
WKKYGEK, and two Group IIc members have incomplete zinc fingers. (Figure: 2.5)
Group I includes 20 WRKY genes, Group II includes 60 (IIa-4, IIb-12, IIc-20, IId-18,
IIe-6), and Group III includes 24 members. Three Group IId members were mutated into
WKKYGEK. Both tandem and segmental duplication have made large contributions to
the expansion of the Helianthus annuus WRKY gene expansion (Liu et al., 2020).
A. trichopoda has the lowest number of WRKY TFs among all the species.
Polyploidy might have contributed to the gene family expansion in Glycine max as it has
the highest number of 174 WRKY TFs (Schmutz et al., 2010).
All the six species including the (see Figure 2.5) A. trichopoda and A. thaliana
have a higher number of Group I and IIc members. Group IIa members are the lowest
among all the species. More modifications in WRKYGQK have been found in Glycine
max. Group III members have lower numbers in the basal groups such as Amborella and
Cinnamon.
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Figure 2.5 Expansion of WRKY TFs by groups. Amborella genome has the lowest total
number of WRKY TFs among the eight species compared. Genome size and size of the
TF family are not correlated: Amborella trichopoda has larger genome size with fewer
WRKY TFs than Cinamomum micranthum and Arabidopsis thaliana. Similarly,
Helianthus annuus has larger genome size with fewer WRKY TFs than Glycine max.
Group IIc members are the most diverse in each species analyzed in the present
study (Figure 2.5), and Group I members are the second most diverse. Group I and Group
IIc proteins share structural features in the C terminal domain. Highly similar amino acid
residues in the two conserved zinc-finger structures of the WRKY domains are critical to
interact with VQ protein (Cheng et al., 2012). A single WRKY gene from group I or IIc
can interact with different VQ proteins (Chi et al., 2013). For example, WRKY51
interacts with fifty percent of the VQ protein. In Arabidopsis, VQ protein interacts with
MPK3, MPK4, and CaM1 signaling proteins, which may lead to the conformational
change that can activate or inhibit the effects of the interacting WRKY genes (Cheng et
al., 2012; Chi et al., 2013).
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In many Angiosperm plants, the WRKYGQK motifs have mutated into
WRKYGEK, WRKYGKK, WSKYEQK, or WRKYSEK (Jiang et al., 2017). Some
variants only have differences in the WRKY pattern, such as WRRY, WSKY, WKRY,
WVKY, WKKY, WRIC, WRMC, WIKY, and WKRY. These modifications of
WRKYGQK might lack or alter the ability of proteins to bind with DNA and may affect
gene expression levels (Chen & Liu, 2019a). In this study, we identified the
modifications WRKYGKK, WRKYGEK, WRKSYYK, WKKYGQK, and WRKCRQK.
Whereas WRKYGKK was common to all the species and most mutations were found in
Group IIc. A higher number of mutations were found in Glycine max in comparison to
the other species. In Quinoa, one of the Group III members was found to feature a
different zinc finger structure (C-X6-C-X22-H-X-C). Similarly, in Solanaceae (Cheng et
al., 2019b), Group III members were also found with a different zinc finger structure (CX4-7-C-X22-24-H-X-C). Variation in zinc finger motifs might have changed the functions
of the Group III members.
2.4.

Conclusion
In the present study, 42 AmTr WRKY TFs were identified in Amborella

trichopoda genome and named following Arabidopsis nomenclature model. All AmTr
WRKYs were found to localize in the nucleus, just like their homologs in A. thaliana. A
comparison of genome size and size of the WRKY TF family across eight species
representing diverse flowering plant clades indicated no correlation between the genome
size and the size of the TF family. Recently evolved flowering plant clades were found to
have a higher number of WRKY TFs, which still could be classified into groups and
subgroups following Arabidopsis model. Among all groups, Group IIc members were
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found to be the most diverse across all species and exhibit high variation in the
WRKYGQK heptapeptide than the rest of the WRKY groups in the flowering plants.
Overall, this study provides baseline data for comparative studies related to stress
regulation in flowering plants. Since the results from the present study are
bioinformatics-based, the AmTrWRKY genes identified here need further
characterizations through stress-specific experiments followed by in-depth transcriptomic
analyses. Additionally, further analysis of WRKY homologs from several species is
needed to elucidate the evolution of stress modulation in plants.
2.5.
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